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The  knowledge  about  nutritional  requirements  of  ﬁsh  is  essential  to improve  utilization  of
nutrients. This  study  was  conducted  to estimate  tryptophan  requirements  for  silver catﬁsh.
Groups of 30  ﬁsh  (4.65  ±  0.68  g)  were  stored  in  tanks  (125 L) and  fed  mixed  diets  containing
different  tryptophan  concentrations  (1.0,  1.8,  2.6,  3.4 and  4.2 g/kg  of  diet)  until  apparent
satiation.  After  60 days, growth  performance,  body  composition,  nutrient  retention,  plasma
and liver  metabolites  and  digestive  enzymes  were  determined.  The  data  were  evaluated
with  nonlinear  and  polynomial  regressions,  and  a highly  signiﬁcant  effect  of  tryptophan
(P  <  0.001)  was  observed  for growth,  protein  retention  coefﬁcient  and  acidic  protease  activ-
ity.  The  lowest  tested  concentration  (1.0 g  Trp/kg)  resulted  in  less  growth  and nutrient
retention  in the  body.  Fish  fed  inadequate  tryptophan  levels  exhibited  reduced  growth,
higher  hepato-somatic  indices  and  altered  enzymatic  and  metabolic  processes,  indicating
gluconeogenic  processes.  The  estimated  tryptophan  amino  acid  requirements  for maxi-
mum  weight  gain  and  protein  retention  coefﬁcients  ranged  from  2.5  to 3.4  g/kg  depending
on the  statistical  model  used  for the  estimation.
© 2015  Elsevier  B.V.  All  rights  reserved.
1. IntroductionThe use of nutritionally complex diets is essential for intensive ﬁsh cultivation. The protein fraction is the most expensive
component, and it provides amino acids (AAs) for the repair and growth of tissue, synthesis of new functional proteins and
use as an energy source (Riegel, 2012). In ﬁsh, essential amino acids deﬁciency hinders protein use and result in poor growth
Abbreviations: Trp, tryptophan; AA, amino acid; EAAs, essential amino acids; FBW, ﬁnal body weight; WGR, weight gain relative; FE, feed efﬁciency; FCR,
feed  conversion; SGR, speciﬁc growth rate; VFI, visceral fat index; HSI, hepato-somatic index; DSI, digestive-somatic index; BPD, body protein deposition;
BFD,  body fat deposition; PRC, protein retention coefﬁcient.
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nd low feed efﬁciency. In addition, essential amino acids deﬁciency may  change the immune response of ﬁsh against disease
Wilson, 2002).
Tryptophan (Trp) is an EAA precursor of serotonin that contributes to growth and protein synthesis, inﬂuences behavior
nd food intake, and acts as a metabolic precursor of the vitamin niacin (Ahmed, 2010). When associated with niacin, Trp
nterferes with the metabolism of proteins and lipids. In addition to these functions, Trp is an AA that stimulates the secretion
f insulin and growth hormone (Rossi and Tirapegui, 2004; Dyer et al., 2004).
Tryptophan occurs in low concentrations in dietary proteins at approximately 1% in animal proteins and 1.4% in plant
roteins (Rossi and Tirapegui, 2004). After lysine and methionine, Trp is regarded as one of the most limiting factors in plant
ources (Coloso et al., 2004).
The nutritional requirements for Trp were determined in certain ﬁsh species, including Ictalurus punctatus (Wilson et al.,
978), Cyprinus carpio (Nose et al., 1974), Oncorhynchus mykiss (Walton et al., 1986; Kim et al., 1987), Sparus aurata (Kaushik,
998), Lates calcarifer (Coloso et al., 2004), Labeo rohita (Abidi and Khan, 2010), Heteropneustes fossilis (Ahmed, 2012) and
atla catla (Zehra and Khan, 2014).
The silver catﬁsh (Rhamdia quelen)  is an omnivorous ﬁsh recommended for intensive cultivation systems because it
s resistant to management and has reasonable growth rates in low temperature periods in Southern Brazil and America
Amorin et al., 2009). These characteristic as well as a good quality of ﬂesh and absence of intramuscular bones renders this
pecies advantageous for aquaculture.
Among several studies on the nutritional requirements of silver catﬁsh, studies on the protein and energy requirements
n the initial phase are highlighted (Meyer and Fracalossi, 2004; Salhi et al., 2004) along with studies estimating the optimum
ysine level in a dose–response assay and determining the remaining EAAs with the ideal protein concept (Montes-Girao
nd Fracalossi, 2006).
Growth is the most widely used criterion when deﬁning optimal nutrient levels, and it is a consistent indicator of the
uitability of diets (Lovell, 1998). In addition to the amount of digestive enzymes, the metabolic mechanisms associated
ith growth are important for understanding the effects of dietary nutrients. In addition, the activity of digestive enzymes
s an important tool for determining the adaptive capacity of ﬁsh in food digestion. The concentration of metabolites in
ifferent compartments, such as in the plasma and liver, may  be indicative of dietary nutrient utilization (Lundstedt et al.,
004).
Because of the absence of information on the nutritional requirements in formulations for R. quelen,  the present study
imed to estimate the Trp requirements for this species through evaluation of the growth performance, metabolic condition
nd activity of digestive enzymes.
. Materials and methods
.1. Diets
Five mixed isoproteic (370 g/kg crude protein) and isocaloric (14.23 MJ/kg) (Salhi et al., 2004) diets were prepared con-
aining ﬁshmeal, casein, gelatin and a mix  of synthetic AAs (Tables 1 and 2). The AA proﬁle of the diets was  based on the
A proﬁle of chicken egg albumin (Santiago and Lovell, 1988; Wilson, 2002) and known nutritional requirements (except
or Trp) for silver catﬁsh (Montes-Girao and Fracalossi, 2006) and channel catﬁsh (I. punctatus)  (NRC, 2011). l-Tryptophan
as added in 0.8 g/kg intervals (1.0, 1.8, 2.6, 3.4 and 4.2 g/kg) of the diets, and the amount of Trp was  increased in lieu of
lutamine (Wilson et al., 1978) which was set at 30 g glutamine/kg of the basal diet (1.0 g Trp/kg diet). A relationship was
aintained between ﬁsh meal, casein and gelatin (70.5 g/kg × 67.5 g/kg × 86.9 g/kg, respectively) to maintain the minimum
mount of test AAs (Trp) and maximum amount of the other AAs (Table 2). To prepare the experimental diets, the dry ingre-
ients were manually homogenized, and then oil and water (10%) were added. The pH of the diets was adjusted to 7 using a
 N sodium hydroxide solution (NaOH) (Nose et al., 1974) to prevent any possible differences in food intake because of the
arying palatability of the diet. The mix  was pelletized (4 mm),  dried in an oven (50 ◦C) for 24 h and then stored (−18 ◦C)
ntil the start of feeding.
.2. Experimental procedures
Silver catﬁsh were obtained from the Fish Culture Station of the University of Passo Fundo, State of Rio Grande do Sul
RS), Brazil and then acclimated to the experimental conditions at the Fish Culture Laboratory of the Federal University of
anta Maria. In total, 600 ﬁngerlings were selected (4.65 ± 0.68 g and 8.25 ± 0.48 cm initial weight and length, respectively),
tored in 20 tanks (125 L) connected to a closed water recirculation system equipped with mechanical and biological ﬁlter-
ng and a Clariﬁer TetraPond® UV sterilizer (GreenFreeTM UV-2 18W). The water ﬂow was approximately 2.7 L/min/tank.
he ﬁsh were fed the experimental diet until apparent satiation three times a day (8:30 am,  1:30 pm and 5:30 pm)  for 60
ays. Feed intake was measured daily for each tank, and the tanks were cleaned by siphoning twice a day at 7:30 am and
:30 pm.
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Table 1
Composition of the experimental diets (natural matter).
Ingredients (g/kg) Dietary tryptophan level (g/kg)
1.0 1.8 2.6 3.4 4.2
Fish meala 70.5 70.5 70.5 70.5 70.5
Caseinb 67.5 67.5 67.5 67.5 67.5
Gelatinb 86.9 86.9 86.9 86.9 86.9
Amino  acid mixturec 214.7 214.7 214.7 214.7 214.7
Maltodextrind 290 290 290 290 290
Celluloseb 74.3 74.3 74.3 74.3 74.3
Corn  oil 50 50 50 50 50
Melbond®e 20 20 20 20 20
Dolomitic limestone 11 11 11 11 11
Dicalcium phosphate 45 45 45 45 45
Mix  vitamin/mineralf 30 30 30 30 30
BHT®g 0.1 0.1 0.1 0.1 0.1
Salt  10 10 10 10 10
l-Tryptophan 0.0 0.8 1.6 2.4 3.2
l-Glutamine 30.0 29.2 28.4 27.6 26.8
Vitamin C 0.5 0.5 0.5 0.5 0.5
a Laboratory of Fish Culture/UFSM. Whole silver catﬁsh that did not reach commercial weight were used according to the methodology of Rossato et al.
(2013).
b Synth® , Diadema, SP, Brazil.
c Amino acid mixture (g/kg): l-lysine 35.0; l-methionine 47.7; l-alanine 67.2; l-arginine 22.5; l-phenylalanine; 64.5; l-glycine 63.5; l-histidine 32.7;
l-isoleucine; 66.0; l-leucine 99.3; l-proline; 58.3; l-serine 79.2; l-tyrosine 51.2; l-threonine 59.0; l-valine 72.9; and cellulose 171.0.
d D.N.A. Design Nutric¸ ão Avanc¸ ada, Poc¸ os de Caldas, MG, Brazil.
e Calcium and magnesium lignosulfonate (binder and ﬂavoring agent); Ligno Tech Brasil® , São Paulo, SP, Brazil.
f Mixture composition (kg/product): antioxidant 0.6 g, folic acid 250 mg,  pantothenic acid 5000 mg,  biotin 125 mg, cobalt 25 mg, copper 2000 mg, iron
820  mg,  iodine 100 mg,  manganese 3750 mg,  niacin 5000 mg,  selenium 75 mg,  vitamin A 1,000,000 IU, vitamin B1 1250 mg,  vitamin B2 2500 mg, vitamin
®B6  2.485 mg, vitamin B12 3750 g, vitamin C 28,000 mg,  vitamin D3 500,000 IU, vitamin E 20,000 IU, vitamin K 5000 mg, and zinc 17,500 mg.  Mig  Plus ,
Casca,  RS, Brazil.
g Butyl-hydroxy-toluene (antioxidant).
2.3. Analysis and measurements
2.3.1. Water quality
Water quality variables except for temperature and dissolved oxygen were measured weekly with commercial colorimet-
ric kits (Alfakit®); temperature and dissolved oxygen were measured daily with pulse oximetry (550A, YSI, Yellow Springs,
Ohio, USA). The means were 7.40 ± 0.23 mg/L dissolved oxygen; 25.16 ± 0.46 ◦C temperature; 0.18 ± 0.07 mg/L total ammo-
nia; 0.08 ± 0.06 mg/L nitrite; 40.25 ± 13.88 mg  CaCO3/L for total alkalinity; 42.89 ± 18.77 mg CaCO3/L for total hardness and
7.44 ± 0.10 for pH. These values have been shown to be suitable for raising catﬁsh (Baldisserotto and Silva, 2004).
2.3.2. Sample collection
For weight (g), length (cm) and sample data collection (proximate composition and tissues), the ﬁsh were fasted for
12 h at the end of the experiment and then anesthetized with benzocaine solution (10%, 30 mg/L). The ﬁsh that were used
for proximate composition analyses (n = 8 ﬁsh/diet) and tissue collection (liver and digestive tract, after blood collection
(n = 12 ﬁsh/diet) were euthanized by benzocaine overdose (10%, ≥250 mg/L) according to the American Veterinary Medical
Association (AVMA, 2013). The procedures were approved by the Ethics Committee on Animal Use (no: 097/2013).
2.3.3. Blood sampling and analysis
At the end of the experimental period, blood samples were collected by tail vein puncture using heparinized syringes.
The samples were placed in microcentrifuge tubes for centrifuging (1000 g, 10 min  at room temperature). The plasma was
stored and refrigerated (8 ◦C) to determine the concentrations of total circulating proteins (g/dL), albumin (g/dL), globulin
(g/dL) (globulin (g/dL) = total protein − albumin) and glucose (mg/gL) with commercial colorimetric kits (Doles®, Reagentes e
Equipamentos de Laboratório Ltda. Goiânia, State of Goiás, Brazil). In addition, the level of free AA in the blood was  measured
according to Spies (1957).
2.3.4. Somatic index
After blood collection, the ﬁsh were euthanized and eviscerated to obtain data on weight (g) and whole ﬁsh length(cm), weight (g) and digestive tract length (cm), liver weight (g) and visceral fat (g) to calculate the digestive-somatic
index (%) = (digestive tract weight/whole ﬁsh weight) × 100 and the hepato-somatic index (%) = (liver weight/whole ﬁsh
weight) × 100 and visceral fat index (%) = (visceral fat weight/whole weight) × 100. After weighing, the digestive tract was
separated into the stomach and total intestine and then frozen at −20 ◦C.
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Table  2
Composition of the experimental diets (natural matter).
Proximate composition (g/kg) Dietary tryptophan level (g/kg)
1.0 1.8 2.6 3.4 4.2
Crude proteina 368.5 368.3 369.7 369.2 366.4
Digestible energy (MJ/kg)b 14.23 14.23 14.23 14.23 14.23
Dry  matterc 899.2 898.3 893.1 896.8 892.7
Ashc 90.5 90.8 90.1 91.3 91.0
Fatc 53.9 47.8 53.8 49.5 49.9
Neutral detergent ﬁberc,d 135.9 155.9 161.2 140.5 149.5
NDSCe 250.4 235.5 218.3 246.3 235.9
Calciumf 21.2 21.2 21.2 21.2 21.2
Total  phosphorusf 10.3 10.3 10.3 10.3 10.3
Amino  acid (AA) compositiona
EAAs
Lysine 14.8 15.3 15.7 15.2 14.6
Methionine 11.7 11.2 11.4 11.5 11.1
Arginine 13.7 13.7 14.7 13.8 13.3
Phenylalanine 18.5 18.0 17.8 18.1 17.8
Histidine 6.9 7.1 7.1 6.9 6.9
Isoleucine 18.6 19.2 19.0 18.9 18.6
Leucine 30.9 30.8 30.9 30.3 29.8
Threonine 16.9 17.1 16.5 16.7 17.5
Valine  22.7 22.4 21.7 21.9 22.1
Tryptophan 1.3 1.5 2.4 3.2 3.8
NEAAs
Aspartic acid 12.6 12.4 13.1 12.7 13.2
Glutamic acid 57.2 56.4 56.6 55.6 55.9
Hydroxy-proline 11.2 10.8 10.9 11.3 11.1
Serine  22.8 22.7 23.2 23.1 22.7
Glycine 38.2 38.4 37.0 38.6 37.8
Alanine 24.3 24.8 25.2 24.6 24.3
Proline 30.6 31.0 31.2 31.3 30.8
Tyrosine 14.9 15.1 14.7 14.7 14.6
Cysteine 0.6 0.5 0.5 0.7 0.5
a Analyzed at the Protein Sources Laboratory (Laboratório de Fontes Proteicas (LaFoP), FEA, DEPAN, UNICAMP, Brazil).
b Digestible energy calculated according ingredient analysis = [(crude protein × 5640 kcal/kg × 0.9) + (fat × 9510 kcal/kg × 0.85) + (NDSC × 4110 kcal/kg ×
0.50)]  (Jobling, 1983).
c Analyzed – Fish Culture Laboratory (Laboratório de Piscicultura – DZ, UFSM, Brazil).
d Neutral detergent ﬁber (Van Soest et al., 1991).
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(NDSC (neutral detergent soluble carbohydrate) = 1000 − (crude protein + ash + fat + neutral detergent ﬁber + moisture).
f Calculated by analyzing the ingredients.
.3.5. Digestive enzymes activity and liver metabolites
Hepatic metabolites were determined in the liver samples (50 mg), which were heated to 100 ◦C with KOH to estimate
he protein content according to the technique described by Bradford (1976). In an aliquot of this extract, ethanol was added
o hydrolyze and precipitate glycogen, and after centrifugation at 1000 × g for 10 min, the glucose content was  determined
Park and Johnson, 1949). The liver samples (50 mg)  were homogenized in 10% trichloroacetic acid (TCA) and centrifuged
1000 × g, 10 min), and the supernatant was used for glucose (Park and Johnson, 1949) and ammonia (Verdouw et al., 1978)
uantiﬁcation. Other samples (50 mg)  were homogenized with potassium phosphate buffer (20 mM,  pH 7.5), and the samples
ere then centrifuged at 1000 × g for 10 min  to determine the amount of free AAs according to the method of Spies (1957)
nd the enzymatic activity of alanine aminotransferase according to the methodology described by Melo et al. (2006) using
olorimetric kits (Doles®).
To analyze the digestive enzymes, the tissues (stomach and intestine) were ground (tissue/buffer ratio of 1:20) in a
omogenizer (Turrax, MA  102, Marconi, Brazil). The homogenizing buffer solution contained 0.02 M Tris/0.01 M phosphate
t pH 7.5 in 50% (v/v) glycerol. The homogenates were centrifuged at 1000 × g for 10 min.
The acidic protease activity was measured in the stomach using casein as substrate according to the method of Hidalgo
t al. (1999). The assay was performed using a 0.2 M KCl buffer at pH 1.8, and the samples were incubated at 30 ◦C for 40 min.
he reaction was terminated with 15% TCA, and absorbance was  recorded at 280 nm.
The activity of trypsin and chymotrypsin alkaline protease was  determined in the intestine. Trypsin was  deter-
ined with N-p-Tosyl-l-arginine methyl ester hydrochloride (TAME), and the extracts were incubated (25 ◦C) in 2 mL
uffer (0.2 M Tris/0.01 CaCl2) at pH 8.1. Chymotrypsin activity was  determined with N-benzoyl-l-tyrosine ethyl ester
BTEE), and the extracts were incubated in 1 mL  buffer (0.1 M Tris/0.1 CaCl2) at pH 7.8. The enzymes TAME and BTEE
ere dosed in duplicate, and their activities were recorded at 247 and 256 nm,  respectively, according to Hummel
1959).
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2.3.6. Chemical analysis
The chemical composition of the diets (Table 2) and proximate composition of the ﬁsh were determined following the
methodologies described by Association of Ofﬁcial Analytical Chemists AOAC (1995). The ﬁsh samples collected at the end
of the biological assay were homogenized to determine the ﬁnal proximate composition. The same procedure was  adopted
for a sample of 10 ﬁsh (4.65 ± 0.68 g) to determine the initial composition. Moisture content was  determined by drying the
samples at 105 ◦C until reaching a constant weight. Ash content was determined by incineration at 600 ◦C for 4 h. Fat content
was determined by the method of Bligh and Dyer (1959), and whole-ﬁsh crude protein was determined by the method of
Kjeldahl (N × 6.25). The nitrogen concentration in the feed samples was  determined by combustion/redox (Dumas Nitrogen
Analyzer (NDA); Velp Scientiﬁca, Usmate, Monza and Brianza (MB), Italy).
The AA content of the experimental diets (Table 2) were extracted with hydrochloric acid (6 N) for 24 h (0.3 mg  sample
in 9 mL  HCl) and then derivatized with phenylisothiocyanate. The derivatized samples were separated by high performance
liquid chromatography (HPLC, Model P4000-Thermo Fisher Scientiﬁc, Waltham, MA)  in reverse phase with UV detection
at 254 nm,  based on the methodology described by White et al. (1986). Tryptophan amino acid was determined by the
colorimetric method of Spies (1967) using standard curve of pure tryptophan (Merck, Germany) and detected at 590 nm,
with spectrophotometer (DU-640 UV/Vis – Beckman Coulter, USA).
2.3.7. Growth performance
At the end of the experiment, the ﬁsh were weighed (digital scale with 0.01 g sensitivity) and measured (ichthyome-
ter graduated in cm). The whole ﬁsh performance and composition parameters were calculated using initial body weight
(IBW) and ﬁnal body weight (FBW) (g), feed consumed (g/ﬁsh), body composition and diet analysis performed as follows:
weight gain (WG  (g)) = (FBW − IBW); relative weight gain (RWG %) = (WG/IBW) × 100; feed efﬁciency (FE) = WG/feed con-
sumed (dry matter); speciﬁc growth rate (SGR (%/day)) = ((ln (FBW) − ln (IBW))/feeding days) × 100; and feed conversion
ratio (FCR) = feed consumed (g)/WG (g), feed intake (g consumed during the feeding period) and survival (%). To determine
the retention of nutrients, the following calculations were performed: body protein deposition: BPD (g) = (FBW × (% ﬁnal body
crude protein/100)) − (IBW × (% initial body crude protein/100)); protein retention coefﬁcient: PRC (%) = 100 × ((FBW × ﬁnal
body crude protein) − (IBW × initial body crude protein))/feed consumed × crude protein diet (%); and body fat deposition:
BFD (g) = (FBW × (% ﬁnal body fat/100)) − (IBW × (% initial body fat/100)) according to Fracalossi et al. (2012).
2.3.8. Statistical analysis
The data were subjected to a residual normality analysis by the Shapiro–Wilk test (P > 0.05) and transformed when
necessary. The Trp requirements were based on growth parameters, protein retention coefﬁcient and acidic protease activity
and estimated by non-linear (broken-line) and polynomial regressions. The means of variables that did not ﬁt the regression
models were compared by Tukey’s test (P < 0.05), and the following mathematical model was used:
Yij = ˇ0 + ˇ1Xi + ˇ2X2i + εij
where Yij represents the observation, ˇ0 represents the equation constant, ˇ1XI represents the linear regression coefﬁcient,
ˇ2Xi2 represents the quadratic regression coefﬁcient, and εij represents the residual error. The NLIN procedure was  performed
using “R” package and the mathematical model according to Muggeo (2008).
3. Results
The tested Trp levels inﬂuenced the growth variables of silver catﬁsh (Table 3). Final body weight, total length and RWG
of ﬁsh improved (P < 0.001) as a result of the increasing dietary Trp levels up to 3.4 g/kg (polynomial regression) or 2.8 g/kg
(broken-line).
The maximum FBW (18.69 g) was observed in the group of ﬁsh that received diets containing 3.4 g/kg (polynomial
regression) or 2.7 g Trp/kg (broken-line). The length of silver catﬁsh was  greater in groups fed diets with 3.4 g/kg (polynomial
regression) or 2.3 g/kg (broken-line) Trp. Using a polynomial regression analysis and broken-line, the maximum WGR  was
obtained in diets with 3.4 and 2.8 g Trp/kg, respectively.
The FCR, FE and SGR ﬁt (P < 0.001) the polynomial regression and broken-line models (Table 3). For the FCR, the level
of dietary Trp was estimated at 3.2 g/kg (polynomial regression) and 2.0 g/kg (broken-line), respectively. The maximum FE
was estimated at 3.4 g/kg dietary Trp (polynomial regression) or 2.7 g/kg (broken-line). The maximum SGR estimated by the
mathematical models was 3.4 and 2.2 g Trp/kg in polynomial regression and broken-line analysis, respectively. The Trp levels
diets inﬂuenced (P < 0.001) feed intake of silver catﬁsh, showing higher consumption with diet containing 3.0 (broken-line)
or 4.1 g Trp/kg (polynomial regression).
The optimum Trp levels estimated from WG were 3.4 g/kg by polynomial regression and 2.8 g/kg by broken-line analysis
(Fig. 1).
Differences (P > 0.05) were not observed in the somatic indices (VFI and DSI) or in ﬁsh survival when the animals were
fed different dietary Trp levels (Table 4). Silver catﬁsh fed diets with 1.0 g/kg Trp exhibited a higher HSI (P < 0.05) and did
not differ from those that received 1.8 g/kg of this AA in the diet.
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Table  3
Growth performance of silver catﬁsh (initial body weight, 4.65 ± 0.68 g) fed the experimental diets containing different tryptophan levels over 60 days.a
Variablesb Dietary tryptophan level (g/kg) SEMc Regression (P)
1.0 1.8 2.6 3.4 4.2 Polynomial#/broken-line*
FBW (g) 7.66 13.5 17.8 18.7 17.8 0.99 #y = −0.36 + 0.55x − 0.08x2, R2 = 0.90
*y = −0.14 + 0.26x, R2 = 0.90
Total  length (cm) 10.4 12.2 13.2 13.3 13.1 0.26 #y = 7.35 + 3.60x − 0.53x2, R2 = 0.92
*y = 8.15 + 2.23x, R2 = 0.91
WGR  (%) 64.6 189.7 282.4 302.0 282.5 21.28 #y = −175.87 + 279.07x − 40.48x2, R2 = 0.91
*y = −66.34 + 136.22x, R2 = 0.90
FE  0.11 0.34 0.54 0.54 0.49 0.03 #y = −0.36 + 0.55x − 0.08x2, R2 = 0.90
*y = −0.14 + 0.27x, R2 = 0.90
FCR  8.91 3.01 1.87 1.87 2.01 0.64 #y = 16.48 − 9.54x + 1.47x2, R2 = 0.87
*y = 16.28 − 7.37x, R2 = 0.95
SGR  (%/day−1) 1.91 4.05 5.14 5.34 5.15 0.30 #y = −1.61 + 4.20x − 0.62x2, R2 = 0.94
*y = −0.77 + 2.68x, R2 = 0.93
Feed  intake (g) 482 537 582 608 611 12.61 #y = 383.07 + 1115.70x − 1356x2, R2 = 0.76
*y = 422.12 + 620.36x, R2 = 0.74
a Means (n = 4). P = signiﬁcant (P < 0.001).
b FBW, ﬁnal body weight; WGR, weight gain relative; FE, feed efﬁciency; FCR, feed conversion (dry matter); SGR, speciﬁc growth rate; Feed intake (total
dry  feed intake).
c SEM, pooled standard error of the mean.
* is a broken-line model.
# is a polinomial model.
Fig. 1. Estimate of tryptophan dietary requirements for silver catﬁsh considering weight gain (WG). This estimate was calculated using the polynomial
regression (a) (P < 0.001) and broken-line (b) (P < 0.001) mathematical models.
Table 4
Somatic index and survival of silver catﬁsh fed diets containing different levels of tryptophan.a
Variablesb (%) Dietary tryptophan level (g/kg) SEMc ANOVA
1.0 1.8 2.6 3.4 4.2 P-value
VFI 0.65 0.84 0.97 0.67 0.80 0.07 0.542
HSI  2.05a 1.59ab 1.42b 1.38b 1.51b 0.06 0.005
DSI  3.32 3.65 3.67 3.54 3.72 0.08 0.539
Survival 97 93 98 96 96 0.74 0.332
a Means (n = 12) followed by letters (a, b) in the rows are signiﬁcantly different by Tukey’s test (P < 0.05).
b VFI, visceral fat index; HSI, hepato-somatic index; DSI, digestive-somatic index.
c SEM, pooled standard error of the mean.
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Table 5
Body composition and body protein and fat deposition of silver catﬁsh fed diets containing different tryptophan concentrations.a
Variablesb Dietary tryptophan level (g/kg) SEMc ANOVA
1.0 1.8 2.6 3.4 4.2 P-value
Crude protein (g/kg) 129 130 133 133 135 0.07 0.054
Crude  fat (g/kg) 36.5b 50.6a 51.4a 50.5a 51.4a 0.17 0.009
Moisture (g/kg) 790 780 778 777 773 0.22 0.137
Ash  (g/kg) 35.7a 28.6b 26.9b 27.6b 27.5b 0.06 <0.001
BPD  (g) 0.42c 1.06b 1.76a 1.41ab 1.57a 0.09 <0.001
BFD  (g) 0.08b 0.41a 0.48a 0.59a 0.66a 0.04 <0.001
a Means (n = 8) followed by different letters (a, b, c) in the rows are signiﬁcantly different by Tukey’s test (P < 0.05).
b BPD, body protein deposition; BFD, body fat deposition.
c SEM, pooled standard error of the mean.
Fig. 2. Estimate of tryptophan dietary requirements for silver catﬁsh considering the protein retention coefﬁcient (PRC). This estimate was  calculated using
the  polynomial regression (a) (P < 0.001) and broken-line (b) (P < 0.001) mathematical models.
Differences in the body composition of silver catﬁsh ﬁngerlings were not observed (P > 0.05) for different Trp levels in
relation to body protein and moisture (Table 5). Fish subjected to diets with the lowest Trp levels had lower (P < 0.01) body fat
content and BFD (P < 0.001) and higher ash content (P < 0.001) in whole ﬁsh. Body protein deposition was higher (P < 0.001)
in silver catﬁsh subjected to 1.8–4.2 g/kg Trp, and the BPD was lower in ﬁsh subjected to the lowest level of dietary Trp.
The protein retention coefﬁcients ﬁt the polynomial regression and broken-line models. The maximum response was
estimated at 3.3 g/kg (polynomial regression) or 2.5 g/kg (broken-line) dietary Trp (Fig. 2).
The plasma physiology of silver catﬁsh changed after 60 days of feeding with diets containing different Trp concentrations
(Table 6). Fish that received diets with 1.0 g/kg of the tested AA exhibited lower (P < 0.05) total plasma protein content
compared with those that received 3.4 g/kg Trp. The lowest (P < 0.05) plasma glucose concentration was observed in ﬁsh fed
diets containing 1.0 g Trp/kg compared with those fed 1.8 and 4.2 g Trp/kg. The free AA concentration was  lower (P < 0.05)
in ﬁsh subjected to diets containing 1.0 g Trp/kg, and the levels were not different from ﬁsh that received 1.8 g Trp/kg.
Differences were not observed (P > 0.05) in the albumin and globulin levels among the tested Trp levels.
As regards for the hepatic metabolism of silver catﬁsh, liver protein was lower (P < 0.05) in ﬁsh fed diets containing
1.0 g Trp/kg (Table 7). The activity of alanine aminotransferase (ALT) in liver tissue was  higher (P < 0.05) in silver catﬁsh
fed diets with 1.0 g Trp/kg compared with those fed diets with 1.8, 2.6 and 4.2 g Trp/kg. Differences were not observed in
the concentrations of free AAs, glycogen, glucose and ammonia in the liver (P > 0.05) after feeding silver catﬁsh different
concentrations of Trp.
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Table  6
Effect of the concentrations of dietary tryptophan on plasma physiology of silver catﬁsh.a
Variables Dietary tryptophan level (g/kg) SEMb ANOVA
1.0 1.8 2.6 3.4 4.2 P-value
Total protein (g/dL) 2.25b 2.65a 2.57a 2.72a 2.57a 0.036 <0.001
Albumin (g/dL) 0.45 0.37 0.46 0.52 0.43 0.03 0.678
Glucose (mg/dL) 25.0b 35.3a 31.8ab 34.4ab 37.9a 1.19 0.005
Amino  acids (mmol/dL) 6.70b 11.6ab 13.9a 13.8a 13.1a 0.71 0.004
Globulins (g/dL) 2.01 2.26 2.14 2.20 2.18 0.04 0.644
a Means (n = 12) followed by subscribed letters (a, b) in the rows are signiﬁcantly different by Tukey’s test (P < 0.05).
b SEM, pooled standard error of the mean.
Table 7
Hepatic metabolism and digestive enzyme activity of silver catﬁsh fed diets containing different levels of tryptophan.a
Variablesb Dietary tryptophan level (g/kg) SEMc ANOVA
1.0 1.8 2.6 3.4 4.2 P-value
Protein 44.1b 63.4a 65.8a 65.1a 67.0a 2.30 0.005
Amino acids 92.6 98.2 93.6 92.5 87.1 1.96 0.535
Glycogen 24.8 23.9 24.0 25.3 26.4 0.38 0.214
Glucose 344 326 332 336 350 6.48 0.815
Ammonia 14.3 12.7 13.6 13.5 12.9 0.32 0.590
ALT  58.9a 27.8b 27.7b 40.1ab 35.5b 2.67 <0.001
Digestive enzymes activity
Trypsin 5.83 6.12 6.01 7.41 6.90 0.27 0.298
Chymotrypsin 4538 4538 4782 5564 5388 175.93 0.218
a Means (n = 12) followed by different letters (a, b) in the rows are signiﬁcantly different by Tukey’s test (P < 0.05).
U
d
c
F
tb Protein, mg/g tissue; amino acids, mol/g tissue; glycogen, glucose, mol  glucose/g tissue; ammonia, mol/g tissue; ALT (alanine aminotransferase),
I/mg tissue; trypsin, mol TAME/min/mg protein; chymotrypsin, mmol  BTEE/min/mg protein.
c SEM, pooled standard error of the mean.
Differences as a result of different dietary Trp levels were not observed (P > 0.05) in the activity of trypsin and chymotrypsin
uring the experimental period (Table 7).
The acidic protease enzyme activity (Fig. 3) in the stomach of silver catﬁsh increased as a response to dietary Trp
oncentrations up to 3.1 g/kg, as analyzed by polynomial regression (P < 0.001) or broken-line regression (P < 0.001).
ig. 3. Estimate of tryptophan dietary requirement for silver catﬁsh considering the enzyme activity of acid protease. This estimate was calculated using
he  polynomial regression (a) (P < 0.001) and broken-line (b) (P < 0.001) mathematical models.
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4. Discussion
The results pertaining to the growth of R. quelen caused by Trp supplementation in the diet conﬁrms the essentiality of this
nutrient. The results of the present study suggest that 3.4 g/kg (polynomial regression) or 2.8 g/kg (broken-line regression)
of dietary Trp (corresponding to 9.2 or 7.6 g Trp/kg of dietary protein, respectively) is ideal for maximum growth. This trend
is conﬁrmed by the FBW, FE, SGR, WGR  and FCR results.
Trp supplementation promotes efﬁcient protein utilization and inﬂuences ﬁsh growth performance and carcass quality
(Zehra and Khan, 2014) because it is an EAA that is found in limited concentrations in most plants (Abidi and Khan, 2010).
The reduced growth of ﬁsh that were fed the lowest Trp concentrations (1.0–1.8 g/kg) may  have been inﬂuenced by
impaired protein synthesis. According to Abidi and Khan (2010), protein utilization for growth is impaired when diets with
unbalanced AA are provided. Weight and appetite loss indicate such a deﬁciency, which may  contribute to the emergence of
disease (NRC, 2011). The reduction in feed intake by ﬁsh fed diets containing the lowest level of Trp was proven in this study.
There was an increase in consumption by increasing the amino acid concentration to 3.0 or 4.1 g Trp/kg of diet, estimated
by the broken-line models or polynomial, respectively.
The reduced growth of ﬁsh at the highest dietary Trp level may  be attributed to AA toxicity and excess Trp catabolism (Abidi
and Khan, 2010). Borlongan and Coloso (1993) and Alam et al. (2002) reported that excessive AA levels may  become toxic
and have adverse effects on growth because of disproportionate ingestion, which may  affect the absorption and utilization
of other AAs. In the present study, the limiting AA was  most likely used for protein synthesis, whereas excess AAs were
available for oxidation, thus causing reduced growth of silver catﬁsh because of limitations in EAAs. According to Ballantyne
(2001), excess AAs cannot be stored in ﬁsh and must be deaminated and converted into energetic compounds.
Reduced FCR in marginal concentrations (1.0–1.8 g/kg) of dietary Trp may  be related to the deﬁciency of Trp for protein
synthesis and its functions as a precursor of other bioactive molecules (Ahmed, 2012). According to Henry et al. (1992), Trp
deﬁciency associated with excessive neutral AAs (leucine, isoleucine, valine, phenylalanine and tyrosine) resulted in reduced
WG and low serotonin concentrations in the hypothalamus of pigs and may  be involved in negative effects on voluntary feed
intake. However, worse FCR was also observed with the highest Trp concentration, which may  be related to the presence of
an excess amount of Trp that could result in an imbalance in the normal activity of other EAAs, especially neutral AAs. Trp
uptake in the brain reaches the saturation level and is then inhibited by other aromatic AAs such as tyrosine (Aldegunde
et al., 1998).
Serotonin is produced by serotoninergic nerves by oxidation of Trp in the brain. In the blood–brain barrier, free Trp
competes with other neutral AAs for the same absorption site, which affects the transport and synthesis of brain serotonin
(Rossi and Tirapegui, 2004). The relationship between neutral AAs and Trp in the plasma inﬂuences the synthesis of serotonin,
a neurotransmitter involved in the regulation of food intake, in the hypothalamus (Peganova and Éder, 2002).
The optimal Trp level (7.6–9.2 g/kg protein) estimated for R. quelen was higher than the level reported for the American
catﬁsh I. punctatus (5.0 g/kg) (Wilson et al., 1978) and Catla (6.4–7.6 g/kg) (Zehra and Khan, 2014) and lower than the level
reported for L. rohita (11.3 g/kg) (Murthy and Varghese, 1996) and C. catla (10.0 g/kg) (Ravi and Devaraj, 1991). Trp require-
ments for silver catﬁsh appear to be close to that found in C. carpio (8.0 g/kg) (Nose et al., 1974); in L. rohita (9.0–9.5 g/kg)
(Abidi and Khan, 2010) and in H. fossilis (8.0 g/kg) (Ahmed, 2012). Trp requirements of different ﬁsh species varied from 1.0
to 4.0 g/kg of the diet or 5.0–10 g/kg of the dietary protein (NRC, 2011).
Dietary Trp levels in silver catﬁsh were originally based on the requirements of channel catﬁsh (I. punctatus), which is
also an omnivorous species (1.0 g/kg of the diet or 5.0 g/kg of dietary protein) (NRC, 2011). Through the ideal protein concept
and using lysine as the reference AA, the estimated Trp level for silver catﬁsh was estimated as 10.0 (polynomial regression)
or 9.0 g/kg (broken-line regression) of the dietary protein (Montes-Girao and Fracalossi, 2006), which is consistent with the
Trp requirements found in the present study (9.2 g Trp/kg of the dietary protein).
The AA requirements are closely related to feeding habits, protein source quality (composition and digestibility), energy-
protein balance, environmental factors (especially temperature) and ﬁsh age (NRC, 2011), which may  explain the different
requirements for the same AA for different species and within the same species.
Another factor that inﬂuences these estimates is the statistical methodology used to estimate the ideal AA level. Certain
authors use nonlinear models (broken-line regression), which tends to underestimate the optimal dose, disregards the
biological model and provides inadequate estimates on the optimal level of nutrients (Hernandez-Llamas, 2009). According
to Portz et al. (2000), the results obtained with this analysis are more consistent and can be used to determine the optimal
Trp level with accuracy and precision. In other studies, estimates of the ideal AA level use a nonlinear model (polynomial
regression) that may  provide more precise estimates for studies on nutrient requirements (Shearer, 2000).
The HSI is an important parameter applied to studies on nutritional requirements (Coloso et al., 2004; Ahmed, 2012;
Farhat and Khan, 2013; Zehra and Khan, 2014) because it can indicate the nutritional and physiological status and provide
information on the energy reserves (Balawi et al., 2011). In the present study, the lowest dietary Trp levels resulted in higher
HSI values in ﬁsh, which was most likely a result of higher hepatic activity because of Trp deﬁciency that resulted in the
deamination of unused AA or their transamination into intermediate metabolic products, such as pyruvate, for use as an
energy source (Zehra and Khan, 2014). Increased HSI values in Trp-deﬁcient diets have previously been documented in L.
calcarifer (Coloso et al., 2004), H. fossilis (Ahmed, 2012) and C. catla (Zehra and Khan, 2014).
Diets that contain low Trp levels corresponded with poor protein use, as indicated by the lower BPD and PRC values. In
addition, reduced growth and lower efﬁciency in the use of nutrients were observed in ﬁsh fed Trp levels below and above
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he required dose. According to Gaylord et al. (2005), the use of protein and muscle synthesis is compromised when Trp is
ot adequately provided along with other EAAs in the diet to maintain normal physiological functions.
Low body fat content and BFD exhibited by ﬁsh subjected to the lowest dietary Trp level resulted of the utilization of
hese reserves to overcome nutritional deﬁciency, which was previously documented by Ahmed (2012) and Zehra and Khan
2014) in H. fossilis and C. catla, respectively. Higher ash contents observed in ﬁsh fed diets containing the lowest Trp level
re associated with lower muscle deposition, which proportionally increases the mineral matter content.
Blood is one of the most dynamic body tissues, and it is capable of reﬂecting changes in physiological and nutritional
ealth status (Kader et al., 2012). Total circulating protein levels are indicative of protein catabolism. When serum protein
evels are decreased, liver protein synthesis is compromised (Marks et al., 2007), which suggests a nutritional deﬁciency and
ndicates that the protein supplied by the diet is being used and metabolized to maintain blood metabolites essential for
ther organs and tissues. Decreased serum protein levels also reﬂect the plasma free AA concentration, which indicates that
sh subjected to lower dietary Trp levels did not use protein efﬁciently and suggests that the AA imbalance impaired the
se of other nutrients, such as energy nutrients, because a low glycemic index is also observed in ﬁsh fed the lowest dietary
rp concentration.
The body does not synthetize Trp; therefore, it must obtain this AA from plasma circulation (AA pool) after the digestion
nd absorption of proteins in the digestive tract. In mammals, 90% of plasma Trp is transported bound to albumin (Rossi and
irapegui, 2004), whereas in ﬁsh, approximately 92% of Trp circulates in the free form (Rozas et al., 1990). This condition
ay  explain why differences were not observed in the present study in plasma albumin values of silver catﬁsh that were
ubjected to different dietary Trp concentrations. Serum albumin is an indicator of dietary protein quality (Lehninger, 2007),
nd the absence of changes in albumin and plasma globulin concentration is also related to the sources and types of proteins
resent (simple or conjugated). These results are most likely caused by the use of identical proportions of ingredients in all
iets.
Fish fed dietary Trp levels from 1.8 to 4.2 g/kg presented adequate metabolic conditions with higher levels of total protein,
lucose and free AAs in the bloodstream as well as higher hepatic protein concentrations compared with ﬁsh subjected to
 g/kg dietary Trp level.
Silver catﬁsh fed diets containing the lowest Trp levels (1.0 g/kg) exhibited lower plasma concentrations of total protein,
lucose and free AAs as well as lower protein retention and BPD and BFD. When combined with increased HSI and reduced
rowth, this metabolic status may  indicate the use of endogenous reserves as a result of deﬁcient or imbalanced dietary AAs,
nd such results may  be conﬁrmed by changes in ALT, an enzyme involved in AA catabolism (Riegel, 2012); in combination
ith lower concentrations of hepatic protein and plasma glucose, changes in ALT indicate that ﬁsh subjected to lower dietary
rp levels used the gluconeogenic pathway. An increase in ALT activity was observed in the liver of S. aurata when ﬁsh were
ed diets rich in proteins. According to the authors, this result may  indicate the utilization of dietary AA for growth or as a
ubstrate for gluconeogenesis (Metón et al., 1999).
The increased ALT activity may  also indicate possible deﬁciencies in AAs that would lead the animals to use protein (excess
As oxidation) to obtain energy, thus compromising protein synthesis (Melo et al., 2006). However, differences were not
bserved in the mobilization of energy reserves in the liver.
Decreased glycogen concentrations in the maintenance of plasma glucose levels of ﬁsh subjected to the lowest dietary
rp level were expected because glycogen is the basic glucose storage unit in ﬁsh (Halver and Hardy, 2002). In numerous
sh species, glycogen mobilization is slow, and the glucose required for metabolism is obtained from AAs (Dabrowski and
uderley, 2002). Fish appear to prefer using the gluconeogenic pathway by synthetizing glucose using carbon skeletons
Halver and Hardy, 2002). The maintenance of glycogen stocks in silver catﬁsh that were fed diets containing the lowest Trp
oncentrations is most likely a result of gluconeogenic processes from AAs.
Enzymatic action is essential for the efﬁcient digestion and absorption of nutrients (Hidalgo et al., 1999). However, the
ietary nutritional composition and anatomical peculiarities of species inﬂuences feed use (Baldisserotto, 2009). The activity
f acidic protease enzyme increased when up to 3.1 g Trp/kg were used in the diets. At this level, an adequate concentration
f plasma AAs and higher growth and PRC were also observed in the animals.
Protein digestion begins in the stomach through the action of acidic protease, which preferentially hydrolyzes the bonds
nvolved in aromatic AAs, such as Trp, phenylalanine and tyrosine. The highest dietary Trp level (4.2 g/kg) did not stimulate
 proportional increase in the activity of this enzyme, indicating the saturation of enzymatic action mechanisms, wherein
he free enzyme was completely bound to the substrate (Trp). The transport mechanisms may  also have been saturated
competition for absorption sites between long-chain neutral AAs and Trp), causing an imbalance in the absorption of AAs
Aragão et al., 2004) and interfering with enzymatic activity.
In the intestine, the pancreatic enzymes (trypsin, chymotrypsin, carboxypeptidases and elastase) and intestinal mucosa
nzymes continue the digestion process. Chymotrypsin as well as acidic protease preferentially hydrolyze the peptide bonds
nvolving aromatic AAs. Fast Trp absorption because of the use of AAs in the synthetic form is related to the absence of
ifferences in chymotrypsin activity. The experimental diets were formulated to be isoproteic, and except for the tested Trp,
hey contained the same amounts of EAAs, which may  be related to the absence of differences in trypsin activity that acts
n bonds formed by basic AAs (lysine and arginine) (Riegel, 2012).
The performance and retention of body protein of silver catﬁsh in relation to dietary Trp levels was  followed by changes
n digestive enzyme activity and concentrations of plasma and liver metabolites. Thus, it appears that Trp is essential for
ilver catﬁsh. Diets Trp-deﬁcient undertakes metabolism and probably the proper use of other important nutrients for ﬁsh
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growth. Conversely, diets that met  the Trp requirements promoted adequate utilization of nutrients and resulted in increased
performance of the ﬁsh.
In conclusion, the estimated tryptophan amino acid requirements for maximum weight gain and protein retention ranged
from 2.5 to 3.4 g/kg depending on the statistical model used for the estimation.
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